ABSTRACT. This study determined the mitochondrial genome structure of the blue swimming crab (Portunus pelagicus), and elucidated its phylogenetic relationships among the species within the order Decapoda. The complete mitochondrial genome was 16,155 bp long, and contained 13 protein-coding genes, 22 transfer RNA genes, 2 ribosomal RNA genes, and 1 DNA control region. The gene order of the genome was the same as that found within the family Portunidae. Twenty-three genes were on the heavy strand and 14 were on the light strand. Almost all of the protein-coding genes were initiated by an ATG codon, except for three genes (ATP6, ND1, and ND3) that started with a rare ATT codon. Of the 13 protein-coding genes, 10 ended with complete TAA or TAG stop codons and three ended with an incomplete T codon. Thirteen non-coding regions were identified that ranged from 1 to 30 bp in length. Nine overlaps were found, which ranged from 1 to 7 bp in length. Phylogenetic analyses based on 12 concatenated protein-coding genes revealed that P. pelagicus formed a monophyletic group with Portunus trituberculatus, which were in a larger group with Callinectes sapidus, while the genera Charybdis and Thalamita formed another group. These two groups clustered together and grouped with the genus Scylla. The phylogenetic analysis supported the inclusion of Charybdis in subfamily Portuninae of the family Portunidae, and revealed a close relationship between Charybdis and Thalamita. We suggest that Thalamita should also be classified into the subfamily Portuninae. The results can be used in the study of phylogenetic, population genetic and conservation genetics of P. pelagicus.
INTRODUCTION
The blue crab, Portunus pelagicus, which is also known as the flower crab, is a large crab that is an excellent swimmer. In contrast with another portunid crab (Scylla serrata), this species cannot survive for long periods out of the water (Romano and Zeng, 2007a) . P. pelagicus is found in the intertidal estuaries of the Indian and West Pacific Oceans, and is widely distributed in East Africa, Southeast Asia, East Asia, Australia, the Persian Gulf, and New Zealand (Kailola et al., 1993) . It is commercially important, and is sold as a traditional hard-shell crab in the Indo-Pacific and a soft-shell crab in Asia.
Because of its growing popularity, the species has been heavily fished in recent years (Romano and Zeng, 2008; Lai et al., 2010) , and is increasingly cultured. It has high potential for aquaculture because of its rapid growth rate (Josileen and Menon, 2004) , ease of larviculture, high fecundity, and relatively high tolerance to nitrate and ammonia (Bryars and Havenhand, 2006; Zeng, 2007a,b,c, 2008) . P. pelagicus is commercially cultivated in some areas, such as Thailand .
Studies on this species have mainly focused on its reproductive biology (Zairion et al., 2015) , embryonic and larval development, and artificial seeding (Andrés et al., 2010) . Knowledge of the genetic diversity of P. pelagicus is essential for the conservation and aquaculture of this important crab resource, in order to construct an appropriate management scheme (Bryars and Adams, 1999) . The genetic population structure of P. pelagicus has been investigated based on allozymes (Bryars and Adams, 1999) , cytochrome oxidase subunit I (COI), microsatellite markers (Sezmis, 2004) , amplified fragment length polymorphisms (Praipue et al., 2010) , and random amplification of polymorphic DNA .
The mitochondrial genome is typically a closed-circular molecule, and is approximately 14 to 18 kb in size. Complete mitochondrial genome sequence information is useful in studying genome-level characteristics and phylogenetic relationships (Knudsen et al., 2006) , because of its high mutation rate, simple structure, abundant distribution, and maternal inheritance (Yu et al., 2012; Ma et al., 2013; Baek et al., 2014) . With the development of molecular techniques, it has become easier to obtain complete mitochondrial genome sequences (Wang et al., 2015) , and they have been reported in many crustacean species (Shen et al., 2007; Liu and Cui, 2010; Jondeung et al., 2012; Ma et al., 2013) .
The purpose of this study was to report the complete mitochondrial genome of P. pelagicus, elucidate its evolutionary status, and estimate its population genetic diversity and differentiation. The results of this study should further our understanding of the evolutionary status and population genetic diversity of P. pelagicus and other related crustacean species.
MATERIAL AND METHODS

Sample collection and DNA extraction
A wild P. pelagicus individual was sampled from the southeastern coast of Guangxi, China. The crab was killed by a lethal dose of MS-222. Muscle tissues were collected from the claws and fixed in 99% ethanol at room temperature. Genomic DNA was extracted according to the protocol described by Ma et al. (2009) .
Primers, polymerase chain reaction (PCR), and sequencing
First, the partial sequences of four P. pelagicus genes (12S rRNA, 16S rRNA, Cytb, and COI) and the complete mitochondrial genomes of three other crab species (Charybdis japonica, Scylla paramamosain, and Portunus trituberculatus) were downloaded from the GenBank database. The four genes were amplified, resequenced, and confirmed. The complete mitochondrial genome of P. pelagicus was then obtained by overlapping PCR and sequencing.
The total PCR volume was 25 µL, which contained 0.4 µM each primer, 0.2 mM each dNTP, 1X PCR buffer, 1.5 mM MgCl 2 , 0.75 U Taq polymerase, and 100 ng template DNA. The thermocycler conditions were as follows: an initial denaturation at 94°C for 4 min; then 37 cycles of 30 s at 94°C, 50 s at a primer-specific annealing temperature, and 50 s at 72°C. Finally, the products were extended for 7 min at 72°C. The amplification products were separated on 1.5% agarose gels (TaKaRa, China), and directly sequenced in both directions using an ABI PRISM ® 3730 Automated DNA Sequencer (PE Corporation). The sequences obtained were edited and assembled by EditSeq and SeqMan (DNASTAR).
Complete mitochondrial genome analysis
A graphical map of the complete mitochondrial genome was drawn using the online software OrganellarGenomeDRAW (http://ogdraw.mpimp-golm.mpg.de/) (Lohse et al., 2007) . The genome structure of P. pelagicus was determined based on those of the closely related species S. paramamosain (Ma et al., 2013) and C. japonica (Liu and Cui, 2010) . Transfer RNAs (tRNAs) were identified by their proposed clover-leaf secondary structure and their anticodons using the web-based tRNA-scanSE 1.21 program (http://lowelab.ucsc. edu/tRNAscan-SE/) (Lowe and Eddy, 1997) , with the default search mode set. MEGA 4.0 was used to determine the nucleotide composition of the mitochondrial genome, and translate protein-coding genes into amino acids according to codon usage (Kumar et al., 2008) . Finally, the complete mitochondrial genome DNA sequence was submitted to the GenBank database using the software Sequin 12.30 (http://www.ncbi.nlm.nih.gov/Sequin/).
Phylogenomic analysis
The complete mitochondrial genomes of 22 Decapoda species were downloaded for phylogenetic analysis from the GenBank database, and one species (Harpiosquilla harpax) was used as an outgroup taxon.
The 13 protein-coding genes were aligned by ClustalW in MEGA 4.0 with the default settings; however, the gene ND6 was excluded because of its high heterogeneity, which may cause poor phylogenetic performance (Miya and Nishida, 2000) . The remaining 12 protein-coding gene sequences were linked to construct sequence alignments. The sequence alignments were then formatted and analyzed using RAxML web servers (http://embnet.vitalit.ch/raxml-bb/index.php) (Stamatakis et al., 2008) . The evolutionary rates of the 12 proteincoding genes were estimated using the CAT model, and a maximum likelihood search was conducted after bootstrapping. Finally, the phylogenetic tree was viewed and edited using the software FigTree v1.4.2.
RESULTS AND DISCUSSION
Genome organization
The P. pelagicus mitochondrial genome was a typical, circular molecule that was 16,155 bp in length (GenBank accession No. KT382858), and consisted of 13 protein-coding genes, 22 tRNA genes, 2 ribosomal RNA genes, and 1 DNA control region (Figure 1 ). Twenty-three genes were located on the heavy strand and 14 were on the light strand. All of the protein-coding genes were initiated by an ATG codon, except three genes (ATP6, ND1, and ND3), which started with a rare ATT codon. Of the 13 protein-coding genes, 10 ended with complete TAA or TAG stop codons and three ended with an incomplete T codon (Table 1 ). The lengths of the control regions in the 12 species ranged from 514 to 1435 bp. The length of the control region was 1245 bp, which was shorter than that in Callinectes sapidus but longer than that in other crab species under Decapoda ( Table 2) .
The lengths of other regions of the mitochondrial genome were approximately the same among these species. The mitochondrial genome lengths of most crab species sequenced in the Decapoda were slightly different, mainly due to the differing sizes of the control region. The gene arrangement and order was the same as that found within the family Portunidae, such as that in C. japonica (Liu and Cui, 2010) and S. paramamosain (Ma et al., 2013) . However, tRNA His was between NAD4 and NAD5, which is different to that in Charybdis feriata but the same as that in most arthropods (Table 1) . Different gene rearrangements in the mitochondrial genome is relatively common in crustacean species (Shen et al., 2007) , and are probably caused by slipped-strand mispair and gene deletions (Yamauchi et al., 2003) . Nine 1-to 7-bp overlaps and 13 intergenic spacers that were between 1 and 30 bp in length were found, which in general is similar to that reported in other species' mitochondrial genomes (Ma et al., 2013; Baek et al., 2014; Wang et al., 2014) . The A + T contents of the different regions ranged from 66.79% (protein-coding region) to 76.22% (control region), and the overall A + T content was 68.72%, which is similar to that in C. japonica, Scylla olivacea, and S. serrata (Table 2) .
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Protein-coding genes
A total of 13 protein-coding genes were identified, which were 11,178 bp in length and coded 3715 amino acids. ATP8 had the highest A + T content (72.84%) and COIII the lowest (63.36%) ( Table 2 ). Four protein-coding genes (ND1, ND4, ND4L, and ND5) were encoded by the light strand, and the other nine (COI, COII, COIII, APT6, ATP8, ND2, ND3, ND6, and Cytb) were encoded by the heavy strand. All 13 genes were initiated by two types of start codon (ATG and ATT) ( Table 1 ). Nine protein-coding genes (ATP6, ATP8, ND1, ND2, ND3, ND4, ND4L, ND5, and ND6) ended with a typical stop codon (TAA or TAG), whereas an incomplete stop codon (T-) was detected in the remaining four genes (COI, COII, COIII, and Cytb). Variable start codons and incomplete stop codons exist in the mitochondrial genomes of many species (Ma et al., 2013 (Ma et al., , 2015 . In the mitochondrial genome of Myrmeleon immanis, four types of start codons have been detected (Yan et al., 2014) . Two incomplete stop codons have been found in the C. feriata mitochondrial genome (Ma et al., 2015) , and one was detected in the S. paramamosain mitochondrial genome (Ma et al., 2013) . Post-transcriptional polyadenylation may result in an incomplete stop codon (Ojala et al., 1981) .
Transfer and ribosomal RNA genes
A total of 22 tRNA genes were identified, which ranged in size from 63 to 74 bp. The total length of the tRNA genes was 1467 bp. The average A + T content of the 22 tRNA genes was 71.57%, with the highest content in tRNA Thr (78.46%) and the lowest in tRNA Lys (59.70%). They could all be folded into a typical clover-leaf secondary structure, as in C. feriata ( Figure  2 ). Because of a lack of dihydrouracil arms, tRNA Ser (AGN) cannot form a secondary structure in C. japonica and S. paramamosain (Liu and Cui, 2010; Ma et al., 2013) . As in some closely related crabs, 14 tRNA genes were located on the heavy strand and the others were located on the light strand. The length of the aminoacyl stem in all of the tRNA genes was 7 bp. The anticodon loop was 7 bp long in all of the tRNA genes, except for tRNA Ser(UCN) . Seventeen unmatched base pairs were detected in the 22 tRNA genes, which is more than that found in the tRNA genes of C. feriata (Ma et al., 2015) . As in related species, both 16S rRNA and 12S rRNA were located on the light strand of the mitochondrial genome. 16S rRNA and 12S rRNA were 1330 and 846 bp long, respectively, and their A + T contents were 73.31 and 69.62%, respectively. They were located between tRNA Leu (CUN) and the control region, and were separated by tRNA
Val
.
Non-coding regions
The putative control region was located between 12S rRNA and tRNA
Ile
, and was the main non-coding region (1245 bp in length). The nucleotide composition of the control region was 42.08% for A, 9.80% for G, 34.14% for T, and 13.98% for C (Table 3) . A and T were very abundant, which resulted in a high A + T content. The A + T content was higher (76.22%) than that of other regions in the mitochondrial genome, as in other crab species (Table 3 ). In addition, the microsatellite sequences (TA) 3 , (AT) 3 , (TA) 4 , (AT) 4 , and (TA) 11 were detected. Microsatellites have also been identified in the control region of the Nymphes myrmeleonoides mitochondrial genome (Yan et al., 2014) . Twelve other non-coding regions were identified, which ranged from 1 to 30 bp in length.
*Genes that were encoded by the light strand were converted to complementary strand sequences. tRNA = transfer RNA; rRNA = ribosomal RNA. 
Phylogenetic relationships
A phylogenetic tree was constructed based on 12 concatenated protein-coding genes from the mitochondrial genomes of 23 species (Figure 3) . We estimated the evolutionary relationships of P. pelagicus within the Decapoda, and found that P. pelagicus and P. trituberculatus first clustered together and were the most closely related. They formed a monophyletic group with C. sapidus, and then clustered with another group formed by C. feriata, C. japonica, and Thalamita crenata. These species had a sister relationship with another four species of the genus Scylla. Therefore, our results support the inclusion of Charybdis in subfamily Portuninae of the family Portunidae, as proposed by Liu and Cui (2010) . 
CONCLUSIONS
We described the complete mitochondrial genome of P. pelagicus, which was 16,155 bp in length and contained 37 genes and a control region. Phylogenetic analysis based on 12 concatenated protein-coding genes supported the inclusion of Charybdis in subfamily Portuninae of the family Portunidae, and revealed a close relationship between Charybdis and Thalamita. We suggest that Thalamita should also be classified into the subfamily Portuninae. The results of this study can be used in phylogenetic, population genetic, and conservation genetic studies of P. pelagicus.
